uPA (urokinase-type plasminogen activator) stimulates cell migration through multiple pathways, including formation of plasmin and extracellular metalloproteinases, and binding to the uPAR (uPA receptor; also known as CD87), integrins and LRP1 (low-density lipoprotein receptor-related protein 1) which activate intracellular signalling pathways. In the present paper we report that uPA-mediated cell migration requires an interaction with fibulin-5. uPA stimulates migration of wild-type MEFs (mouse embryonic fibroblasts) (Fbln5 + / + MEFs), but has no effect on fibulin-5-deficient (Fbln5 − / − ) MEFs. Migration of MEFs in response to uPA requires an interaction of fibulin-5 with integrins, as MEFs expressing a mutant fibulin-5 incapable of binding integrins (Fbln RGE/RGE MEFs) do not migrate in response to uPA.
INTRODUCTION
uPA (urokinase-type plasminogen activator) and its receptor (uPAR) have been implicated in diverse physiological and pathological processes involving cell migration through fibrin and subcellular matrices, e.g. angiogenesis, wound repair, inflammation, immunity and tumour metastases [1] [2] [3] . These overlapping biological activities involve three properties of the uPA-uPAR system: the proteolytic activity of uPA, the promotion of cell adhesion by uPA-uPAR, and the initiation of signal transduction leading to cell proliferation and migration. uPA is secreted as a 411 amino acid single-chain proenzyme (termed scuPA) composed of an N-terminal GFD (growth factorlike domain) (amino acids 1-43) which binds to uPAR [4] , a kringle domain (amino acids ) and a C-terminal serine protease domain (amino acids 136-411). scuPA has little or no intrinsic enzymatic activity [5, 6] . scuPA is activated upon cleavage by plasmin at Lys 158 -Iso 159 to generate a two-chain molecule (termed tcuPA) which converts plasminogen into plasmin [7] and cleaves several other substrates, such as VEGF (vascular endothelial growth factor) and HGF (hepatocyte growth factor) [8, 9] . Plasmin, in turn, degrades the extracellular matrix and stimulates the local release of growth factors promoting cell adhesion, migration and proliferation [10] [11] [12] .
uPA-knockout mice (Plau − / − ), but not uPAR-knockout mice (Plaur − / − ), exhibit defects in fibrinolysis [13, 14] , neointima formation [15] , hypoxia-induced hypertrophic remodelling of the pulmonary vasculature, and dissemination of certain tumours [16] , among other phenotypes (see [17] for a review). uPA/uPAR expression in atherosclerotic human arteries is elevated ∼ 2-5-fold above normal [18] [19] [20] . Our previous data demonstrated that uPA mediates neointima formation after injury to the carotid artery in rats; uPA catalytic activity, but not binding to uPAR, is essential for induction of neointima formation in this model [21] . Previous studies have demonstrated that uPA-induced cell migration may not exclusively rely on uPA-uPAR interactions. Plasminogen activation [22] or uPA interactions, as for other partners including LRP1 (low-density lipoprotein receptor-related protein 1) and integrins, can also stimulate cell migration [23, 24] . Phenotypic differences between Plau − / − , Plaur − / − and tPA (tissue plasminogen activator)-knockout mice (Plat − / − ) provide a compelling rationale for identification of novel receptors and pathways downstream of uPA involved in vascular remodelling and tissue repair, where cell migration plays an important role [25] [26] [27] .
In the present paper we report that uPA interacts with fibulin-5, an integrin-binding extracellular matrix protein with an RGD motif. We demonstrate that uPA promotes cell migration by MEFs (mouse embryonic fibroblasts) were isolated from Fbln5 − / − mice and their littermate controls as described previously [28] . Fbln5 − / − and Fbln5 + / + MEFs were spontaneously immortalized following the NIH 3T3 protocol [29] . HEK (human embryonic kidney)-293 cells, CHO (Chinese-hamster ovary) cells and MEFs were grown in DMEM containing 10 % (v/v) FBS, glutamine (5 mM), penicillin (100 i.u./ml) and streptomycin (100 μg/ml) at 37
• C under 5 % CO 2 . PASMCs (pulmonary artery SMCs) were obtained from Cascade Biologics (Invitrogen) and cultured in Medium 231 supplemented with SMGS (smooth muscle growth supplement) (Cascade Biologics) at 37
• C under 5 % CO 2 .
Recombinant urokinase
Recombinant wild-type human scuPA, scuPA lacking the N-terminal 1-43 amino acid residues comprising the GFD (uPA-GFD), low-molecular-mass uPA (uPA-LMW) and the N-terminal 1-166 amino acid residues fragment of uPA (uPA-ATF) were expressed in Escherichia coli and purified as described previously [30, 31] . Mouse wild-type uPA was expressed in S2 cells and purified using cation-exchange SPTrisacryl M beads (Sigma) as described previously [32] .
Fibulin-5-expressing vectors pCMV-FBLN5 vector
Human fibulin-5 was PCR-amplified from a human SMC cDNA library with the following primers: 5 -CCAGGAATAAAAA-GGATACTCACTGTTACC-3 and 5 -AAACTCGAGGAATG-GGTACTGCGAC-3 . This procedure removed the ATG start codon in the 5 untranslated region and introduced an XhoI site in-frame in place of the termination codon. The mammalian expression vector pCMV/cyto/Myc was digested with NcoI, blunt-ended with DNA polymerase I (Klenow) and digested with XhoI. The PCR fragment was cloned into pCMV/cyto/Myc to yield the pCMV-FBLN5 vector, which encodes full-length human fibulin-5 with a c-Myc epitope at the C-terminus. The identity of the cloned gene to human FBLN5 (GenBank ® accession number NM_006329) was confirmed by direct and reverse sequencing.
pCEP4-FBLN5 vector
A C-terminal V5-His 6 -tagged human fibulin-5 fusion construct was generated with the T7/CT TOPO TA kit according to the manufacturer's protocol. cDNA encoding full-length human fibulin-5 was amplified using the pCMV-FBLN5 vector as a template with primers which introduced a KpnI site and Kozak sequence in the 5 untranslated region and removed the termination codon. The sequences of the direct and reverse primers (with the restriction site underlined) are: 5 -CTATG-GTACCGCCACCATGCCAGGAATAAAAAGGATACT-3 and 5 -GAATGGGTACTGCGACACATATATC-3 respectively. The PCR product was ligated into the T7/CT TOPO vector producing an intermediate plasmid TOPO-FBLN5. The full-length fibulin-5 cDNA followed by a sequence encoding V5 and His 6 tags at the 3 end was amplified by PCR using primers that introduce a KpnI site in the 5 untranslated region and a NotI site in the 3 untranslated region (direct, 5 -CTATGGTACCGCCACCATGC-CAGGAATAAAAAGGATACT-3 ; and reverse, 5 -TATTGCGG-CCGCTCAATGGTGATGGTGATG-3 ) and the TOPO-FBLN5 vector as a template. The PCR product was digested with KpnI and NotI and cloned into the mammalian expression vector pCEP4.
pWPXL-ncFBLN5 vector
QuikChange ® mutagenesis to introduce an R77A mutation [33] into the FBLN5 sequence was performed using the pCMV-FBLN5 vector as a template and 5 -CGGACAAACCCTGTGT-ATGCAGGGCCCTACTCGAACCCCT-3 and 5 -AGGGGTTC-GAGTAGGGCCCTGCATACACAGGGTTTGTCCG-3 primers using the QuikChange ® Site-Directed Mutagenesis kit (Stratagene) to obtain the pCMV-ncFBLN5 vector (the sequence encoding alanine is underlined) [which encodes nc (noncleavable) fibulin-5]. The full-length nc-fibulin-5 cDNA followed by a sequence encoding a c-Myc tag at the 3 end was amplified by PCR using the pCMV-ncFBLN5 vector as a template and using the primers that introduce an MluI site in the 5 untranslated region and an SpeI site in the 3 untranslated region, and then cloned into the pWPXL vector (Addgene and D. Trono laboratory, EPFL-SV-GHI-LVG, Station 19, CH-1015, Lausanne, Switzerland) and digested with MluI and SpeI. Lentivirus production using empty pWPXL and pWPXL-ncFBLN5 as transfer vectors was performed as described previously [34] .
Generation of fibulin-5-expressing cell lines
Transient transfections of CHO and HEK-293 cells were performed using Lipofectamine TM 2000 according to the manufacturer's protocol. To generate stable cell lines, HEK-293 cells were transfected with either pCMV-FBLN5 or pCEP4-FBLN5. At 48 h post-transfection, culture medium was changed to complete medium supplemented with 150 μg/ml Geneticin or 200 μg/ml hygromycin B respectively, and antibiotic-resistant clones were selected by serial dilution.
Purification of the fibulin-5 fusion protein
Recombinant human V5-His 6 -tagged fibulin-5 (fibulin-5-V5-His) was purified using metal-chelate chromatography with a Ni-NTA column. The purity (∼ 95 %) of the recombinant fibulin-5-V5-His protein was confirmed by SDS/PAGE and Western blotting (results not shown). Briefly, HEK-293 cells stably transfected with pCEP4-FBLN5 vector were grown in DMEM containing 10 % (v/v) FBS until they reached confluence. The cells were then switched to serum-free medium for 48 h at 37
• C. Cell culture medium was collected and clarified by centrifugation at 5000 g for 10 min. The supernatants were supplemented with PMSF (1 mM final concentration) and protease inhibitor cocktail for mammalian tissues and then applied to Ni-NTA agarose equilibrated with 50 mM NaH 2 PO 4 (pH 8.0) buffer containing 0.3 M NaCl. Fibulin-5-V5-His was eluted from the Ni-NTA column with 50 mM NaH 2 PO 4 (pH 8.0) buffer containing 0.3 M NaCl and 50 mM imidazole. Purified protein was concentrated and transferred to PBS using Amicon Ultra-75 centrifugal filters.
Purification and mass spectrometric analysis of uPA-binding proteins from human aorta
Thoracic aorta samples were obtained post-mortem (autopsies performed within 1-5 h of death) from individuals (aged 15-55 years) who died from different accidental causes, with appropriate ethical approval from the Cardiology Research Center Animal Care and Human Experimentation Committee. Cell membrane fractions from human aortae were isolated as described previously [35] . All procedures were performed at 4
• C. Briefly, human aortae (20 g) were dissected and the medium was homogenized in 100 ml of buffer A [20 mM Mops (pH 7.4) containing 250 mM sucrose and 2 mM PMSF] and centrifuged at 3000 g for 10 min. Supernatants were centrifuged at 45 000 rev./min (rotor type 45 Ti) for 1 h. Pellets were solubilized in 20 ml of lysis buffer [0.1 M Tris/HCl (pH 8.1) containing 1 % (v/v) Triton X-114, 5 mM CHAPS, 5 mM EDTA, 100 k-units/ml aprotinin, 10 μg/ml leupeptin, 10 μg/ml pepstatin and 0.5 mM PMSF. uPA-GFD-or BSA-sepharose, prepared as described previously [31] (1 ml), was added to the lysates for 2 h at 4
• C. The beads were centrifuged and washed in lysis buffer. The bound proteins were eluted with an equal volume of 2× non-reduced Laemmli buffer and were separated using SDS/PAGE (7 % gels). Gels were stained with either silver or with 0.2 % Coomassie Brilliant Blue R-250. Protein bands were excised and digested in-gel with trypsin using an Investigator Progest robot (Genomic Solutions) as described previously [36] . Samples were analysed by HPLC coupled to ESI (electrospray ionization)-MS/MS (tandem MS). HPLC was carried out on a CapLC liquid-chromatography system (Waters). Aliquots (6 μl) of peptide mixtures were injected on to a Pepmap C18 column (300 μm×0.5 cm; LC Packings) and eluted with an acetonitrile/0.1 % formic acid gradient to the nanoelectrospray source of a Q-TOF (quadrupole-time-offlight) spectrometer (Micromass) at a flow rate of 1 μl/min. The spray voltage was set to 3500 V and data-dependent MS/MS acquisitions were performed on precursor peptides with charge states of 2, 3 or 4 over a survey mass range 440-1400 using argon collision gas. The recorded product ion spectra were transformed into a singly charged m/z axis using a maximum entropy method (MaxEnt3, Waters), and centroided pkl (peaklist) files were extracted using the MassLynx routine peptide auto (Waters). Proteins were identified by correlation of uninterpreted spectra to entries in SwissProt (Release 2010_04: 516081 entries) using a local installation of Mascot (version 2.2; http://www. matrixscience.com). MS/MS ion searches specified up to two missed cleavages per peptide, a precursor mass tolerance of + − 100 p.p.m. and a fragment ion mass tolerance of + − 0.5 Da. Carbamidomethylation of cysteine residues and methionine oxidation were specified as fixed and variable modifications respectively. Criteria for MS/MS-based peptide and protein identifications were validated using Scaffold (Proteome Software, version 3.01). Peptide identifications were accepted if they could be established at greater than 95.0 % probability as specified by the Peptide Prophet algorithm [37] . Protein identifications were accepted if established at greater than 99.0 % probability and contained at least two matched peptides. Protein probabilities were assigned by the Protein Prophet algorithm [38] .
Co-immunoprecipitation, immunoblotting and ligand blotting
Aliquots of the cell culture media containing fibulin-5-cMyc were incubated with 6 nM biotinylated scuPA for 1 h at room temperature (20 • C). Affinity matrices were prepared by incubating rabbit polyclonal anti-c-Myc antibodies or control rabbit IgG with Protein G-agarose for 1 h and blocking by incubation with PBS containing 3 % BSA for 1 h at room temperature. The complexes between scuPA and fibulin-5-c-Myc were precipitated using c-Myc polyclonal antibodies immobilized on Protein G-agarose. Immobilized rabbit IgG was used as the negative control. Bound proteins were eluted with non-reducing 2× Laemmli buffer and analysed by Western blotting. Biotinylated scuPA was probed with HRP-conjugated neutravidin, and fibulin-5-c-Myc was detected using a c-Myc monoclonal antibody and HRP-conjugated anti-mouse secondary antibody.
To study the interaction of uPA and fibulin-5 by ligand blotting, cell culture medium from CHO cells transiently transfected with pCMV-FBLN5 or control CHO cells transfected with pCMV-GFP (GFP is green fluorescent protein) were incubated with scuPA-Sepharose for 1 h at room temperature. Bound proteins were eluted with 2× Laemmli buffer in the absence of reducing agents, subjected to SDS/PAGE and transferred on to PVDF membranes, which were blocked with PBS containing 0.05 % Tween 20 and 0.5 % gelatin. Fibulin-5-c-Myc was visualized either by sequentially incubating the membranes with 12 nM biotinylated wild-type scuPA and HRP-conjugated neutravidin, or with a c-Myc polyclonal antibody and an HRP-conjugated anti-rabbit antibody.
Immunocytochemistry
Fixed cells were incubated with either anti-uPA monoclonal or polyclonal antibodies (American Diagnostica) or anti-(β1-integrin) polyclonal antibodies (Epitomics), anti-(fibilin-5) mouse monoclonal antibodies (Proteintech Group) or rabbit polyclonal anti-(fibulin-5) antibodies (Santa Cruz Biotechnology) followed by incubation with Alexa Fluor ® 555-conjugated goat antimouse antibody or Alexa Fluor ® 488-conjugated goat anti-rabbit antibody (Molecular Probes). Stained cells were mounted in ProLong Gold antifade reagents and analysed using a Zeiss LSM 510 laser-scanning confocal microscope (Carl Zeiss). To stain focal-adhesion contacts, MEFs were seeded on to the coverslips and incubated in DMEM containing 10 % (v/v) FBS until they reached 70-80 % confluence. Cells were washed with PBS, fixed in 4 % formaldehyde for 20 min and washed again twice with PBS. The cells were then permeabilized with 0.2 % Triton X-100 in PBS, washed with PBS, and incubated with blocking buffer (PBS containing 10 % goat serum and 1 % BSA) for 1 h. Cells were incubated with anti-vinculin primary antibody for 16 h followed by incubation with Alexa Fluor ® 488-conjugated goat anti-mouse antibody. Cell nuclei were visualized with DAPI (4 ,6-diamidino-2-phenylindole) and analysed using a Leica AF 6000LX microscope.
Solid-phase assay
The affinity of uPA for fibulin-5 was assessed using a solidphase binding assay. Plates (96-well) were coated with 5 μg/ml recombinant fibulin-5-V5-His or BSA in DPBS supplemented with 10 mM CaCl 2 and 5 mM MgCl 2 . Non-specific binding was blocked with PBS containing 1 % BSA and 0.05 % Tween 20). uPA-GFD was iodinated using Na 125 I [39] . 125 I-labelled uPA-GFD (0.5-400 nM) was added in the binding buffer (PBS containing 0.1 % BSA and 0.05 % Tween 20) for 1 h at room temperature, and unbound ligand was removed by washing with binding buffer; bound radioactivity was measured in a γ -counter. Non-specific binding was measured in the presence of a 100-fold molar excess of unlabelled uPA-GFD. Specific binding was calculated as a difference between total and non-specific binding. All assays were performed in triplicate in two separate experiments. Data are presented as the molar amount of 125 Ilabelled uPA-GFD specifically bound per well. The K d was calculated using GraphPad Prism 4.0 (GraphPad Software). To study fibulin-5 binding to tcuPA, 96-well plates were coated with 35 μg/ml recombinant tcuPA or BSA in DPBS, supplemented with 10 mM CaCl 2 and 5 mM MgCl 2 , blocked with DPBS supplemented with 1 % BSA and incubated with fibulin-5-V5-His (10-500 nM) for 1 h. After washing with DPBS supplemented with 1 % BSA, bound fibulin-5-V5-His was detected using HRP-conjugated anti-V5 antibody, followed by development with 3,3,5,5-tetramethylbenzidine. The reaction was terminated by the addition of 1 mM H 2 SO 4 , and absorbance at 450 nm was measured using a microplate reader.
Cell adhesion
MEFs were incubated in DMEM containing 0.5 % FBS for 
Transwell migration assay
Cell migration was measured in the 6.5 mm Transwell assay (Costar) using 0.8 μm pore-size membranes pre-coated with collagen type 1 for 1 h at 37
• C. MEFs were incubated in DMEM containing 0.5 % FBS for 16 h, trypsinized and re-suspended in DMEM containing 0.5 % FBS. Cells (10 3 per well) were added in DMEM into the upper chamber. DMEM containing 0.5 % FBS or DMEM containing 0.5 % FBS and 25 nM scuPA was added to the lower chambers. The Transwells were incubated at 37
• C and 5 % CO 2 for 4.5 h, fixed and stained using Diff-Quick. Cells on the upper surface of the membrane were removed using a cotton swab and the cells that migrated to the lower side of the membrane were counted. The experiments were performed four times in duplicate.
Scratch assay
Cells were seeded in 12-well plates in DMEM containing 10 % (v/v) FBS and grown to 80 % confluence. Cells were then incubated in DMEM supplemented with 0.5 % BSA for 16 h, and scratched with a P10 pipette tip. After washing with DMEM, the cells were supplied with DMEM containing 0.5 % FBS or 0.5 % FBS and 25 nM mouse scuPA. Plates were transferred on to the microscopic stage of a motorized Leica AF 6000LX microscope equipped with a ×10 objective. Time-lapse images were acquired every 30 min over a period of 14 h using a cooled CCD (charge-coupled device) camera (Leica Microsystems). The time series was analysed using ImageJ software and cell migration was calculated as the rate of reduction of the free scratched area remaining unoccupied by cells.
N-terminal sequencing of fibulin-5
Fibulin-5-V5-His was purified from of HEK-293 cells stably transfected with pCEP4-FBLN5 vector culture medium on Ni-NTA columns. Protein samples were subjected to SDS/PAGE (15 % gel) followed by electroblotting on to Immobilon-P PVDF membranes for 2 h at 15
• C and 400 mA in 0.025 M NaHCO 3 buffer (pH 9.0), containing 20 % (v/v) methanol and 0.1 % SDS. Membranes were washed with methanol. Protein bands were detected by staining with a 0.1 % aqueous solution of Amido Black 10B. Amino acid sequencing was performed at the Wistar proteomics facility (The Wistar Institute, University of Pennsylvania, PA, U.S.A.).
Boyden chamber migration assay
Migration of MEFs in a Boyden chamber assay was studied as described previously [30] , with minor modifications, in the presence or absence of 25 nM uPA or 10 % (v/v) FBS. In brief, Fbln5 + / + , Fbln − / − and Fbln RGE/RGE MEFs were preloaded with calcein (Invitrogen) for 30 min, trypsinized, washed and suspended in fresh DMEM containing 0.5 % FBS. Porous membranes (8 μm pore size) were coated with collagen I and MEFs (20 000 cells/50 μl) were placed into the upper chamber. Control (DMEM supplemented with 0.5 % FBS) or recombinant uPA forms (25 nM) were placed into the lower chamber for 3 h. Non-migrating cells were removed and migrating cells were quantified using a 96-well fluorescence plate reader. Chemotactic activity was expressed either as relative fluorescence, reflecting the number of cells, or as the fold stimulation relative to basal migration in the absence of scuPA or FBS.
Cell proliferation assay
The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide] assay was performed according to the manufacturer's protocol. In brief, 5×10 3 cells were seeded per well in 96-well plates and cultured in DMEM containing 10 % (v/v) FBS or 0.5 % FBS for 48 h. MTT reagent (10 μl) was added to each well for 4 h at 37
• C under 5 % CO 2 . The MTT metabolic product formazan was resuspended in 25 μl of DMSO and measured at 570 nm.
Statistical analysis
Data were analysed by one-way ANOVA with Bonferroni's posthoc test or Student's t test as appropriate using GraphPad Prism 4.01 software (GraphPad Software). Results are means + − S.D. P < 0.05 was considered to be statistically significant.
RESULTS

Fibulin-5 is a novel uPA-binding protein
To extend our understanding of the molecular basis of uPAmediated cell migration during vascular remodelling, we searched for novel uPA-binding partners. As uPAR is a prevalent uPAbinding protein with a high affinity for uPA [4] , we addressed this question using a recombinant uPA mutant lacking the uPARbinding domain GFD (uPA-GFD) to pull-down additional uPAinteracting proteins in SMCs derived from the medial layer of human aortae. uPA-GFD was coupled to Sepharose, aortic lysates were incubated with this affinity matrix and bound proteins were eluted and separated using SDS/PAGE. A protein with an apparent molecular mass of 65 kDa was detected (band ii, Figure 1A ) in the eluates from the uPA-GFD-Sepharose, but not from the BSA-Sepharose. The protein was identified by HPLC ESI-MS/MS as human fibulin-5 (Supplementary Table  S1 at http://www.BiochemJ.org/bj/443/bj4430491add.htm). In addition, we also identified band i ( Figure 1A ) as microfibrilassociated glycoprotein 4 and band iii ( Figure 1A) , which corresponded to uPA-GFD (Supplementary Table S1 ).
To confirm these results, we constructed a vector encoding Myctagged fibulin-5 (fibulin-5-c-Myc) and transiently expressed this protein in CHO cells. Figure 1(B) shows that fibulin-5-c-Myc is detected in the cell culture medium and binds to uPA-GFDSepharose. To further confirm the binding of uPA to fibulin-5, we analysed their interaction in solution using a pull-down assay with biotinylated uPA. We added biotinylated uPA to the culture medium of CHO cells transfected with pCMV-FBLN5; fibulin-5-c-Myc was immunoprecipitated with an anti-c-Myc antibody. Figure 1 (C) shows that biotinylated uPA was pulled down with fibulin-5-c-Myc, but not with a control antibody. The specificity of the fibulin-5-uPA interaction was analysed further using a ligand blotting assay with biotinylated uPA as the detecting probe. Figure 1(D) shows that the biotinylated uPA binds a protein with an apparent molecular mass of 65 kDa, which corresponds to fibulin-5-c-Myc. We then measured the affinity of 125 I-labelled uPA binding to recombinant fibulin-5 using a solid-phase assay and found that 125 I-labelled uPA bound specifically to fibulin-5 with a K d of 82 + − 15 nM ( Figure 1E ). Binding of fibulin-5 to other proteins, such as tropoelastin, requires Ca 2 + [28] . Therefore we next asked whether the interaction of fibulin-5 with uPA is also Ca 2 + -dependent. As shown in Figure 1 (F), the binding of fibulin-5-c-Myc to immobilized scuPA was abrogated in the presence of EDTA and was restored by the addition of Ca 2 + , whereas addition of Mg 2 + had no effect. These results indicate that the high-affinity interaction between uPA and fibulin-5 is Ca 2 + -dependent.
Mapping the binding domains in uPA and fibulin-5
uPA and fibulin-5 are both multidomain proteins. Therefore we sought to characterize the domains required for their stable interaction. Recombinant uPA variants ( Figure 2A ) were immobilized on Sepharose and incubated with fibulin-5-c-Myc-containing cell culture media. As shown in Figure 2(B) , the C-terminal protease domain of uPA is required for the interaction with fibulin-5.
Fibulin-5 contains six cbEGF domains followed by a Cterminal globular module [40] . We mapped its uPA-binding site using fibulin-5-deletion mutants [41] . Lysates of HEK-293 cells transiently expressing fibulin-5 mutants ( Figure 2C ) were incubated with recombinant scuPA coupled to Sepharose and the bound proteins were analysed using Western blotting. As shown in Figure 2(D) , scuPA precipitated full-length fibulin-5 and all of the mutants with an intact C-terminal domain. Deletion of 48 C-terminal amino acids of fibulin-5 did not affect the interaction, and only the fibulin-5 mutant lacking the entire C-terminal domain was unable to bind uPA.
These studies show that fibulin-5 binds to the singlechain form of uPA, which does not form an active protease catalytic site. We next asked whether fibulin-5 also bound to the catalytically active tcuPA form. Plasmin readily converted immobilized scuPA into tcuPA, as revealed by SDS/PAGE analysis under reducing conditions (Supplementary Figure S1A at http://www.BiochemJ.org/bj/443/bj4430491add.htm). In order to confirm that conversion of immobilized scuPA into tcuPA did not result in partial loss of the protein from the affinity matrix, aliquots of the scuPA and tcuPA matrices were incubated with the lysates of uPAR-expressing HEK-293 cells (HEK-uPAR). Supplementary Figure S1 (B) shows that plasmin-activated immobilized tcuPA retains its ability to bind uPAR to the same extent as immobilized scuPA. Importantly, the small protease inhibitor AEBSF [4-(2-aminoethyl)benzenesulfonyl fluoride], which binds and inhibits tcuPA, did not abrogate binding of fibulin-5 ( Figure 2E ), suggesting that fibulin-5 binds to a site in the proteolytic domain of uPA that is distinct from the serine protease active centre. We confirmed these data using a solid-phase binding assay ( Figure 2F ).
We also examined whether plasminogen, a substrate of uPA, interferes with binding of fibulin-5. To do this, we incubated uPA immobilized on Sepharose with fibulin-5 in the presence or absence of plasminogen. Aprotinin was added to prevent the conversion of scuPA into tcuPA by plasmin, generated upon coincubation of scuPA and plasminogen, and degradation of fibulin-5 by plasmin (see below). Our data indicate that plasminogen does not interfere with binding of fibulin-5 to uPA ( Figure 2G ). Taken together, these results show that fibulin-5 binds to the protease domain of uPA and that the uPA active centre is not involved in this interaction.
Cleavage of fibulin-5
The data described above indicate that uPA bound to fibulin-5 retains the capacity to bind plasminogen and generate plasmin. We next examined whether uPA or other components of the plasminogen activator system can directly cleave fibulin-5. Fulllength recombinant V5-tagged human fibulin-5 was purified from the supernatants of HEK-293 cells stably transfected with pCEP4-FBLN5 vector and incubated with tcuPA, tPA or plasmin. The results shown in Supplementary Figure S1 (C) demonstrate time-dependent accumulation of the truncated form of fibulin-5 in the presence of plasmin, but not tcuPA or tPA, indicating that fibulin-5 is susceptible to cleavage by plasmin (Supplementary Figure S1C) . Since the recombinant fibulin-5 variant we used possesses a C-terminal V5 tag, and both fulllength and truncated forms were visualized with an anti-V5 antibody on Western blot, we infer that the cleavage site is located near N-terminus. Our results demonstrate that scuPA binds both full-length and truncated forms of fibulin-5 (Supplementary Figure S1D) . In order to confirm that plasmin is responsible for the fibulin-5 cleavage, we performed an analysis of inhibition using a panel of related protease inhibitors. HEK-293 cells were transfected with the pCEP-FBLN5 vector encoding human V5-tagged fibulin-5, and incubated for 48 h. We observed both intact and truncated forms of fibulin-5 in the conditioned medium of transfected cells (Supplementary Figure S1E) . Fibulin-5 cleavage was almost completely blocked in the presence of aprotinin (which inhibits plasmin, kallikrein and some other serine proteases, but not uPA) and α 2 -antiplasmin (a specific plasmin inhibitor), whereas PAI-1 (plasminogen-activator inhibitor-1) only partially inhibited processing of fibulin-5, and amiloride, a specific inhibitor of uPA, had no effect (Supplementary Figure S1E) . Truncated fibulin-5 also interacted with the rabbit polyclonal anti-fibulin-5 antibody BSYN [28] , which was generated against a peptide located within the linker region between the first and second cbEGF domains in rat fibulin-5 (Supplementary Figure S2A at http://www.BiochemJ.org/bj/443/bj4430491add. htm), suggesting that plasmin cleaves fibulin-5 within its first N-terminal cbEGF domain.
Accumulation of a truncated form of fibulin-5 lacking the integrin-binding domain formed by cleavage after Arg 77 has been reported previously [33] . To confirm that plasmin cleavage removes the first RGD-containing cbEGF domain [33] , we purified both full-length and truncated V5-tagged fibulin-5 proteins. The two species were separated by SDS/PAGE, transferred on to a PVDF membrane and visualized with Amido Black dye or anti-V5 antibody (Supplementary Figure S1F) . The band containing the truncated form was excised and subjected to partial N-terminal amino acid sequencing. Two predominant N-terminal sequences were identified, S 89 GPYPAAA and S 85 TPYSGPY, which are located within the linker region between the first and second cbEGF domains in fibulin-5, and the cleavage sites Y 85 S and Y 89 S, consistent with the proteolytic specificity of chymotrypsin-like serine protease (Supplementary Figure S1F) .
Fibulin-5 co-localizes with uPA on the cell surface and mediates uPA-induced cell migration uPA and fibulin-5 co-localized on the surface of PASMCs, as assessed by dual immunofluorescence labelling ( Figure 3A ). uPA promotes cell adhesion and migration via proteolytic and cell signalling mechanisms [3, 22, 30] . Therefore we asked whether fibulin-5 mediates uPA-dependent migration using MEFs isolated from the wild-type (Fbln + / + ) and fibulin-5-knockout (Fbln − / − ) mice [28] . Mouse uPA (25 nM) increased by 1.5-fold the transmigration of MEFs from the Fbln5 + / + mice through collagen I-coated membranes in the 8 μm pore size Transwell membrane system, whereas it did not affect transmigration of MEFs from Fbln5 − / − mice ( Figure 3B and Supplementary Figure S2A) . To explore the effect of fibulin-5 on uPA-stimulated cell migration under conditions that simulate wound healing, we performed a scratch assay in the presence or absence of 25 nM uPA. MEFs easily broke cell-cell contacts and migrated into the scratched cell-free region. As shown in Figure 3 (C), uPA stimulated migration of MEFs from Fbln5 + / + mice, but did not affect migration of Fbln5 − / − MEFs. This difference could not be explained by differences in the cell numbers, because the proliferation rates of both cells types were equal (Supplementary Figure S2B) . As would be expected from the inverse relationship between cell adhesion and migration [42] , the faster migration of wild-type MEFs in the scratch assay was consistent with their lower adhesivity compared with fibulin-5-deficient cells (Supplementary Figure S3A at http://www.BiochemJ. org/bj/443/bj4430491add.htm).
uPAR is an important mediator of uPA-dependent cell migration [43] . Binding of fibulin-5 to the proteolytic domain of uPA suggests that simultaneous interaction of uPA with uPAR through its GFD and with fibulin-5 through its catalytic domain could be crucial for the formation of a functional signalling protein complex, which initiates uPA-dependent migration. To obtain greater insight into the mechanisms of fibulin-5-mediated migration of MEFs stimulated by uPA, we examined the role of uPAR in fibulin-5-dependent migration. It is known that human uPA does not bind to mouse uPAR. Therefore we compared migration of Fbln5 + / + and Fbln − / − MEFs in response to murine and human uPA. Both uPA forms stimulated migration of Fbln5 + / + MEFs in the Boyden chamber assay, indicating that uPAR is not essential for this process ( Figure 3D ), whereas neither human nor mouse uPA stimulated migration of Fbln5 − / − MEFs, and serum stimulated the migration of both cell lines to the same extent ( Figure 3D) .
We also observed that basal migration of non-stimulated Fbln5 − / − MEFs was markedly higher (P < 0.001) than that of the and 4D ), similar to the lack of response by Fbln5 − / − MEFs ( Figure 3B ). Thus the binding of fibulin-5 to integrins affects both cell motility and their capability to migrate in response to uPA.
Fibulin-5 binds β1-integrins (α5β1 and α4β1), but does not support their activation in SMCs [45] , in contrast with their natural ligand fibronectin. The ability of uPA to stimulate cell migration involves a number of pathways which includes extracellular proteolysis, plasmin generation and activation of downstream intracellular signalling which, in turn, might be mediated by integrins [22, 30, 46] . Thus it is possible that fibulin-5 mediates uPA-stimulated cell migration by modulation of integrin function. We found that blocking of β1-integrin with an anti-(human β1-integrin) antibody inhibited both basal motility and migration of PASMCs in response to uPA ( Figure 4E ). To test whether plasmin generation is involved in fibulin-5-mediated cell motility, we used a catalytically inactive variant of uPA, (S356A)scuPA, which is unable to activate plasminogen. We found that (S356A)scuPA induced the migration of PASMCs to a much lower extent than wild-type scuPA ( Figure 4E ). Figures 4(F) and 4(G) show that aprotinin, an inhibitor of plasmin and other serine proteases, also reduces the motility of wild-type MEFs in response to uPA, suggesting that the catalytic activity of plasmin at least partially mediates the pro-migratory effect of uPA. Taken together these results show that fibulin-5-mediated migration of cells in response to uPA depends on β1-integrins and requires plasmin generation.
In order to elucidate whether incubation of cells with uPA causes cleavage and dissociation of fibulin-5 from β1-integrins, HEK-293 cells transfected with the pCEP4-FBLN5 vector, which overexpress fibulin-5-V5 protein, were incubated with uPA for 4 h, and β1-integrin was immunoprecipitated from the cell lysates. Figure 5(A) shows that the β1-integrin subunit Figure 5B ), which does not bind integrins due to elimination of the RGD-containing N-terminal cbEGF domain. We also observed that endogenous fibulin-5 and the β1-integrin subunit partially co-localize in untreated PASMCs, but not in PASMCs treated with uPA for 4 h ( Figure 5C ). Furthermore, overexpression of the non-cleavable mutant of fibulin-5 [33] decreased the ability of uPA to induce PASMC migration (Figure 4E and Supplementary Figure S4 at http://www.BiochemJ. org/bj/443/bj4430491add.htm). Taken together, these results suggest that uPA-mediated cleavage of fibulin-5 by plasmin unblocks β1-integrin signalling, which facilitates cell motility. RGE/RGE MEFs were prepared, subjected to chemotactic stimuli and motility was quantified as described in (A) and (B). Values are means + − S.D.; *P < 0.05; ***P < 0.001; n = 3. (E) Catalytic activity of uPA and β1-integrins are required for uPA-dependent migration of PASMCs. PASMCs were starved for 18 h in Medium 231 supplemented with 1 % (v/v) FBS, then preloaded with calcein, and detached as described in (A). Cell suspensions of equal density were pre-incubated either with normal mouse IgG or mouse-blocking anti-(human β1-integrin) (10 μg/ml) antibodies for 1 h and then placed in the upper chambers of the Boyden chamber. Human wild-type scuPA or (S356A)scuPA (25 nM each) was added to the lower chamber. Cell transmigration through the filter was assessed described in (A). Values are means + − S.D.; *P < 0.05, ***P < 0.001; n = 3. (F and G) Aprotinin inhibits migration of Fbln5 + / + MEFs in response to uPA. Wild-type MEFs were subjected to chemotactic stimuli as described in (A) alone or in the presence of aprotinin (100 k-units/ml) and transmigration was assessed as described above in (A) and (B) respectively. Values are means + − S.D.; *P < 0.05; ***P < 0.001; n = 3. ns, not significant.
DISCUSSION
We have identified fibulin-5 as a novel uPA-binding protein involved in the regulation of cell motility downstream of uPA. Fibulin-5 is an extracellular matrix integrin-binding protein which regulates formation of elastic fibres and modulates cell adhesion and migration [28, 47, 48] . Using various deletion mutants of uPA, we determined that fibulin-5 binds to the proteolytic domain of uPA. However, we did not observe proteolytic cleavage of fibulin-5 by uPA, suggesting that fibulin-5 is not an uPA substrate. We also demonstrate that plasminogen, the major substrate of uPA, does not compete with fibulin-5 for binding to uPA. Moreover, (C) β1-Integrin co-localizes with fibulin-5 in untreated, but not in uPA-exposed, PASMCs. PASMCs plated in chamber-slides were starved as in Figure 4 (E), incubated with 25 nM scuPA for 4 h and fixed as described in Figure 3 (A). Fibulin-5 was visualized as described in Figure 3 (A) using a monoclonal anti-fibulin-5 antibody and Alexa Fluor ® 555-conjugated goat anti-mouse antibodies (red), β1-integrin was visualized using a rabbit polyclonal anti-(β1-integrin) antibody and Alexa Fluor ® 488-conjugated goat anti-rabbit antibodies (green). (D) Overexpression of a non-cleavable mutant of fibulin-5 inhibits migration of PASMCs in response to uPA. PASMC were transduced either with 'empty' lentivirus or lentivirus encoding non-cleavable human fibulin-5-c-Myc. At 24 h later PASMC chemotactic activity in response to scuPA was assessed as described in Figure 4 (A). Values are means + − S.D.; *P < 0.05; n = 3. ns, not significant.
the small protease inhibitor AEBSF did not prevent binding of scuPA and tcuPA to fibulin-5. However, incubation of cells with uPA facilitated partial proteolytic processing of fibulin-5. Using a set of protease inhibitors, we found that plasmin, which is converted from plasminogen by uPA, mediates fibulin-5 cleavage which eliminates the first cbEGF domain. An in vivo accumulation of a truncated form of fibulin-5 lacking the first N-terminal cbEGF domain cleaved between Arg 77 and Gly 78 by a serine proteaselike enzyme has been reported [33] . Moreover, elimination of the N-terminal cbEGF domain abrogates the elastogenic properties of fibulin-5 [33] . Interestingly, we identified two N-terminal sequences in the linker region between the first and second cbEGF domains in fibulin-5, S 89 GPYPAAA and S 85 TPYSGPY, which correspond to the original cleavage sites Y 85 S and Y 89 S respectively. Although the site identified does not represent a typical plasmin-cleavage site, we suggest that plasmin, as a broad-substrate-specific protease, could simultaneously cleave fibulin-5 at Arg 77 as reported previously [33] and activate other chymotrypsin-like proteases in serum or on the surface of HEK-293 cells to generate these additional truncated forms. Alternatively, the initial cleavage of fibulin-5 at Arg 77 may permit subsequent partial proteolytic processing by chymotrypsin-like proteases. Thus uPA binding to fibulin-5 initiates a proteolytic cascade which results in elimination of an integrin-binding RGDcontaining cbEGF domain first from fibulin-5.
Fibulin-5 is distinguished from other fibulins by the presence of an evolutionarily conserved integrin-binding RGD motif within its first cbEGF domain, which mediates binding to a subset of integrins, including α5β1, αvβ3, α9β1 and αvβ5 [45, 47] . Fibulin-5 also enhances substrate attachment of endothelial cells. Fibulin-5 mediates attachment and spreading of primary aortic SMCs through binding to the fibronectin receptor α5β1 and α4β1, but not to αvβ3 [45] . However, fibulin-5 fails to activate downstream signalling after binding to α5β1 and α4β1 integrins, suggesting that fibulin-5 may act in a dominant-negative fashion to inhibit fibronectin receptor-mediated signalling. On the other hand, loss of fibulin-5 binding to β1-integrins prevents pancreatic tumour growth by increasing the levels of ROS (reactive oxygen species) [49] . These results suggest that readouts of the cross-talk between fibulin-5 and different subsets of integrins are cell-typeand context-specific.
In the present study we show that the uPA-fibulin-5 interaction, uPA-mediated plasminogen activation and partial proteolytic processing of fibulin-5 releasing the integrin-binding domain act in concert to promote cell migration. uPA regulates cell migration via multiple mechanisms, including binding to uPAR and initiating intracellular signalling cascades [50, 51] , via urokinase kringle-dependent mechanisms [30, 46, 52] and proteolytic mechanisms [22] . Signal transduction initiated by the uPA-uPAR complex depends on multiple interactions of uPAR with co-receptors and integrins [3, 23, 24, 53] . Binding of uPA to uPAR results in its redistribution to the leading edge of migrating cells [54] and enhances its association with integrins, which in turn augments integrin-mediated signalling and cell motility [55] [56] [57] [58] . Both uPA [46] and fibulin-5 [59] regulate cell migration and activate integrin-dependent signalling pathways. The results of the present study strongly support the hypothesis that fibulin-5 mediates uPA-induced cell migration via the modulation of integrin-dependent signalling pathways in an uPAR-independent manner. First, we used Fbln5 + / + and Fbln − / − MEFs to demonstrate that cell migration in response to uPA is fibulin-5-dependent ( Figure 3B ). Our results demonstrate that Fbln5 + / + MEFs were able to migrate in response to both human and mouse uPA. Assuming that human uPA does not bind mouse uPAR, the results indicate that binding of uPA to uPAR is not essential for uPA-dependent migration of MEFs. Moreover, our experimental setting for examining migration involved initial detachment with trypsin/EDTA to prepare cell suspensions, which is known to eliminate uPAR from the cell surface [60] . This helps to explain the contribution of an uPAR-independent mechanism in cell migration in the experimental setting used in the present study, although further studies are needed to determine whether the uPA interaction with fibulin-5 has any effects on uPAR-integrin-dependent signalling pathways and cell migration in vivo. Secondly − / − vascular SMCs has been reported previously [48] . Given that fibulin-5 fails to activate downstream signalling upon binding to α5β1 and α4β1 integrins [45] and inhibits the β1-integrin-dependent fibronectin-mediated up-regulation of MMP (matrix metalloproteinase)-9 in murine vaginal stromal cells [44] , we hypothesize that fibulin-5 acts in a dominantnegative fashion to uncouple fibronectin-β1-integrin-mediated adhesion/motility signalling. In this case, the higher basal motility of Fbln5 − / − MEFs and Fbln5 RGE/RGE MEFs might be attributed to the reversal of the signalling capacity of the fibronectin-β1-integrin complex to maintain cell motility.
Addition of fibulin-5 to Fbln − / − MEFs inhibited basal transmigration, whereas uPA restored the motility of fibulin-5-treated Fbln5
− / − MEFs to the same extent as intact Fbln5
MEFs. We suggest that uPA induces the migration of fibulin-5-expressing cells by activating a cascade of local proteolysis, which results in cleavage of uPA-bound fibulin-5 as described above, dissociation of the latter from the β1-integrins and re-coupling of fibronectin-β1-integrin signalling, leading to enhanced cell motility. Indeed, addition of a blocking anti-(β1-integrin) antibody significantly inhibited basal migration and abrogated uPA-dependent migration of human PASMCs in response to uPA. This hypothesis is further supported by the fact that the β1-integrin subunit co-immunoprecipitates and co-localizes with fibulin-5 in untreated cells, but not in uPA-treated cells. Moreover, the results of the present study demonstrate that proteolytic activity is one of the components required for PASMC migration in response to uPA, as the catalytically inactive mutant (S365A)scuPA possesses significantly lower chemotactic capacity than wild-type uPA, and overexpression of the non-cleavable mutant of fibulin-5 in PASMCs reduced migration in response to uPA. Binding of uPA to fibulin-5 described in the present paper might be implicated in a number of pathophysiological processes, including vasculoproliferative disorders such as restenosis, angiogenesis and pulmonary artery hypertension. Overexpression of uPA shortly after intravascular injury is linked to increased proliferation and migration of the activated SMCs resulting in neointima formation [21] . Overexpression of fibulin-5 in response to injury might represent a compensatory protective mechanism [40] . However, this regulatory effect might be overridden by uPA-mediated cleavage of fibulin-5, which unmasks β1-integrin signalling, increasing SMC motility, which facilitates vascular remodelling. Results from experimental models of pulmonary hypertension in Plau − / − and Plg − / − mice indicate that up-regulation of uPA is critical for pulmonary vascular remodelling [61, 62] . Our results suggest that proteolytic processing of fibulin-5 and its regulation of β1-integrin activation may be important intermediaries in this process [44] . Finally, the antagonistic function of fibulin-5 in angiogenesis has been demonstrated in vitro [63] and in vivo [64] ; fibulin-5 may block angiogenesis by inducing the anti-angiogenic molecule thrompospondin-1, by antagonizing VEGF-165-mediated signalling, and/or by antagonizing fibronectin-mediated signalling through direct binding and blocking of the α5β1 fibronectin receptor. uPA binding and cleavage of fibulin-5, which releases its integrin-binding N-terminal cbEGF domain, could antagonize the anti-angiogenic capacity of fibulin-5 and also contribute to the pro-angiogenic activity of uPA [65] .
AUTHOR CONTRIBUTION
Alexander Kapustin and Victoria Stepanova designed the study, performed the experiments and wrote the paper. Natalia Aniol performed the MEF Transwell and wound healing migration assays, adhesion and proliferation assays, and performed data analysis. Douglas Cines helped to design the experiments, analysed the results and helped to write the paper. Alexei Poliakov performed the cell motility experiments and helped to write the paper. Sergei Yarovoi expressed and purified mouse uPA. Tatiana Lebedeva performed experiments shown in Figures 3 and 5 , propagated and immortalized MEFs. Robin Wait performed the mass spectrometric analysis and prepared Supplementary Table S1 . Grigory Ryzhakov carried out the fibulin-5 cloning and performed fibulin-5-binding assays. Yelena Parfyonova discussed the results and wrote the paper. Robert Beabealashvilli, Yaroslav Gursky and Mikhail Minashkin cloned and expressed human uPA and its mutant forms. Hiromi Yanagisawa developed the anti-(fibulin-5) antibody and the fibulin-5-knockout/wild-type MEFs and the Fbln5 RGE/RGE MEFs. Alexander Vorotnikov contributed his expertise in cell motility and adhesion, and participated in writing the paper. Alex Bobik provided scientific guidance and wrote the paper. Vsevolod Tkachuk conceived the study, provided scientific guidance and institutional support, and wrote the paper. All authors contributed to editing the paper, and approved the final version of the paper.
Figure S1 Fibulin-5 binds to tcuPA and undergoes plasmin-dependent proteolytic processing (A) Analysis of uPA forms immobilized on Sepharose. scuPA immobilized on Sepharose was incubated in the absence or presence of 0.1 μM plasmin for 10 min at 37 • C and aprotinin to a final concentration of 100 k-units/ml. Reducing SDS/PAGE sample buffer was added, samples were heated for 5 min at 60 • C and subjected to SDS/PAGE (10 % gel). The gel was stained with Coomassie Brilliant Blue G-250. scuPA with a molecular mass of 48 kDa eluted from the matrix was incubated in the absence of plasmin. The addition of plasmin leads to the appearance of a 29 kDa band, corresponding to the low-molecular-mass product tcuPA. (B) Immobilized tcuPA binds uPAR. To test whether the immobilized tcuPA obtained by plasmin-treated scuPA-Sepharose matrix retained structural integrity, an aliquot of immobilized scuPA and tcuPA matrices was incubated with HEK-uPAR lysate (200 μg of total protein) for 1 h at room temperature. The matrix was washed with PBS supplemented with 2 % CHAPS, PBS supplemented with 2 mM CHAPS and 0.85 M NaCl, and finally with PBS supplemented with 2 mM CHAPS. Samples were incubated with non-reducing SDS/PAGE sample buffer and analysed using Western blotting. The − / − MEFs or Fbln5 + / + MEFs were cultured in DMEM containing 0.5 % serum or 10 % serum until they reached confluence and proliferation was measured using the MTT assay. Absorbance was measured at 570 nm. Results shown are the means + − SD. n.s., P > 0.05; n = 9.
